Although acupuncture has been widely and routinely used in healthcare in the USA, its use has been based more on empirical observation than on scientific knowledge. Therefore, there is a great need for better understanding the underlying mechanism(s) of action. A great body of evidence supports that nonhuman primates are a candidate for studying human diseases. However, the use of nonhuman primates in neurophysiological, neuroimaging and neurochemical studies is extremely challenging, especially under fully conscious, alert conditions. In the present study, we developed a protocol for safely performing acupuncture, electroacupuncture (EA) and electromyography (EMG) in both normal nonhuman primates and animals with parkinsonian-like symptoms. Four normal and four hemiparkinsonian middle-aged rhesus monkeys were extensively trained, behaviorally monitored, and received both EA and EMG for several months. The results demonstrated that (1) all rhesus monkeys used in the study could be trained for procedures including EA and EMG; (2) all animals tolerated the procedures involving needle/electrode insertion; (3) EA procedures used in the study did not adversely alter the animal's locomotor activities; rather, MPTP-treated animals showed a significant improvement in movement speed; and (4) EMG detected significant differences in muscle activity between the arms with and without MPTP-induced rigidity. Our results support that rhesus monkeys can be used as an experimental animal model to study EA and that EMG has the potential to be used to objectively assess the effects of antiparkinsonian therapies. The results also indicate that animals, especially those with parkinsonian-like symptoms, could benefit from long-term EA stimulations.
Introduction
Since President Nixon's visit to China in 1972, there has been a growing interest in integrating acupuncture into Western medical practice. Acupuncture has been both widely and routinely used for controlling chronic pain, nausea, and vomiting (for details see NIH consensus development panel on acupuncture, JAMA 1998). In addition, acupuncture has also been utilized for treatment of other diseases and disorders including, diabetes, depression and drug abuse (for reviews see Wang et al., 2008a,b; Samuels et al., 2008; Cho and Whang, 2009; Cui et al., 2008) . Moreover, acupuncture along with electroacupuncture is also used for treatment of Parkinson's disease (for reviews see Lam et al., 2008; Zesiewicz and Evatt, 2009) . Although the use of acupuncture in healthcare is increasingly becoming widespread, the mechanism(s) by which acupuncture induces biological effects in the treatment of various disorders remains unclear.
Developing a suitable animal model for the experimental study of acupuncture is a key component in this stage of research. Most recent acupuncture studies have involved rodents, whereas a few studies have also involved rabbits (for a review see Wang et al., 2008a,b) . Most of these experimental acupuncture studies were conducted in anesthetized animals. Due to the effects of anesthesia on neuronal activity in the brain, experimental acupuncture should be studied in conscious animals more closely related to humans (Zhang et al., 2000a ; for a review see Ramani and Wardhan, 2008) . Nonhuman primates provide unique research models to study the effects of acupuncture. Rhesus monkeys are phylogenetically close to humans and have complex social and cognitive behavior. They also live in a controlled environment and have a relatively long lifespan. These unique qualities provide an excellent model for monitoring behavioral effects of acupuncture. In addition, physiological, behavioral, and neuroanatomical similarities of rhesus monkeys to humans facilitate translation of findings in these animal models to the human condition. Therefore, the use of rhesus macaques as animal models of human physiology can greatly enhance our knowledge of human diseases. However, there is a challenge involved in bridging the gap between the ideal use of nonhuman primates as a model to study acupuncture and the ease in successfully using this approach.
The primary goal of this study was to develop methods to conduct acupuncture and/or electroacupuncture experiments in rhesus monkeys under fully conscious, alert conditions. In the past two decades, our group has extensively used rhesus monkeys for neuroimaging studies (Chen et al., 1999; Andersen et al., 2002; Hardy et al., 2005; Zhang et al., 2000a Zhang et al., , 2001 Zhang et al., , 2006 Luan et al., 2008) ; biology of aging studies Zhang et al., 2000b; Gerhardt et al., 2002; Maswood et al., 2002; Ai et al., 2003; Cass et al., 2007) ; and Parkinson's disease related research (Gash et al., 1996; Miyoshi et al., 1997; Gerhardt et al., 1999; Grondin et al., 2002 Grondin et al., , 2008 Maswood et al., 2004; Xin et al., 2008; Ding et al., 2008) . Thus, we have accumulated extensive experience in conducting translational research using nonhuman primates under both anesthetized and awake conditions. Based on our previous experience, we hypothesized that rhesus monkeys could be trained for this acupuncture research with a carefully designed approach.
Another goal for this study was to test whether electromyography (EMG) could be used to objectively measure rigidity to lay down the foundation for employing this technique to determine the effect of therapeutic treatments such as acupuncture on muscle rigidity. Rigidity is an abnormality of muscle tone resulting from dopamine deficiency in the nigrostriatal system, which can be seen in patients with Parkinson's disease (PD). Clinicians utilize passive flexion and extension movements of major joints to detect such muscle tone abnormalities (Walker, 2007; Okuno et al., 2008; Robichaud et al., 2009 ). However, it can be difficult to successfully perform a similar physical examination on a nonhuman primate. In this study, EMG was used to quantitatively differentiate arm rigidity while performing a simple motor task in hemiparkinsonian rhesus monkeys with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced rigidity. Prior studies have demonstrated that EMG can be used to objectively and noninvasively monitor PD patients (Meigal et al., 2009; Hogrel, 2005) . For example, Robichaud and colleagues (2009) reported that the EMG pattern during rapid point-to-point movements can be used to objectively distinguish PD patients from healthy control subjects. In addition, significant correlations were shown between EMG measures and disease severity (i.e. motor UPDRS scores).
In the present study, an experimental protocol was developed and tested in rhesus monkeys for acupuncture as well as electroacupuncture (EA) treatment and electromyography (EMG) recordings. The main objectives of our study were to determine (1) whether rhesus monkeys can be trained for acupuncture and EA studies; (2) whether acupuncture and EA can be safely performed; and (3) whether EMG recordings could be conducted in both normal and hemiparkinsonian rhesus monkeys. This study contributes information on how to train rhesus monkeys in a reasonable time frame for the experimental study of acupuncture, and how to perform EA and EMG techniques in the same animals.
Materials and methods

Animals
Eight female rhesus monkeys (Macaca mulatta) ranging in age from 17 to 21 years old and weighing 6.2-8.6 kg were used in the study. All animals were obtained from a commercial supplier (Covance, Alice, TX) and were housed in individual cages with water available ad libitum. Standard primate biscuits were supplemented daily with fresh fruit and vegetables. Four of eight animals received unilateral administration of 0.12 mg/kg MPTP at least 2 years prior to the study via the right carotid artery based on previously described procedures . All procedures were conducted in the Laboratory Animal Facilities of the University of Kentucky, which are fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International. All experimental protocols were approved by the University of Kentucky Animal Care and Use Committee.
Animal training and restraint apparatus
All eight animals were first acclimated to the trainer's presence while in the familiar environment of their home cage. Once the animal was accustomed to trainer interaction, nonhuman primate collars were placed around their neck. These collars were used in conjunction with a pole to manage the monkeys while outside of their home cage . Animals were guided out of their cage and were able to move around fairly unrestricted. After 3-5 training sessions in this fashion, the monkeys demonstrated a more relaxed disposition. Once the monkeys were comfortable with the trainers and with the pole and collar system, they were introduced to our newly designed vertical chair used to help control the animal's movement.
Food was removed from the animal's home cage prior to each training session. This decreased excreta while in the training session, and increased interest of positive reinforcement from food (i.e. grapes and other fresh fruit). The restraint chair (overall width = 25 cm, height = 69 cm, depth = 28 cm) was made primarily of acrylic and constructed in a vertical upright manner (Fig. 1A) . The trainers guided the animal into the custom-designed chair by sliding the collar into tracks on the upper portion of the chair ( Fig. 1A and B). The collar was locked into place, securing the animal in the chair (Fig. 1) . The monkey was able to sit upright comfortably on adjustable platforms while the trainers attached a pair of arm restraints to help control arm movements (Fig. 1) . The chair was also equipped with a tray table where preferred food was served, and a leg divider (Fig. 1 ). These limb restraints also kept the animal from turning around within the chair and have been designed to ensure the greatest comfort possible for the animal. A tray lined with absorbent surgical pads to catch excretion was placed under the sitting platforms to ensure a clean and comfortable environment for the animal (Fig. 1) . The animals were provided with various means of enrichment while in the chair, including nature based television programs and preferred foods such as peanut to minimize feelings of anxiety. All training sessions occurred in the same room and were repeated several times per week until the animal was completely comfortable with the entire process and was able to relax in the chair for 90 min at a time.
Electroacupuncture (EA) procedures
After all eight animals were trained to sit in the restraint chair at the training center for approximately 90 min, they were introduced to acupuncture. To familiarize the animal with the procedures, acupuncture needles were administered for 2-3 trials, each lasting approximately 30 min. These initial trials not only allowed the monkey to become accustomed to the procedure, but also allowed the trainers to positively reinforce the animal and adjust the restraint chair to ensure the animals comfort. The acupuncture areas were shaven and cleaned with alcohol before the needle was inserted. The stainless-steel acupuncture needles used in the study were 0.18 mm in diameter and 20 mm in length. The acupoints Custom acrylic restraint chair. The newly designed vertical chair was used to hold the animals during EA and EMG sessions. As seen in panel A, it has an overall width of 25 cm, height of 69 cm and depth of 28 cm. A rhesus macaque comfortably sitting in the restraint chair is shown in panel B. A collar, inserted into the collar track, is used to safely anchor the animal in the chair. This chair is designed with arm restraints to prevent unnecessary movement with a tray table to serve food items to the animal, and rods for sitting and foot rest, which can be adjusted based on the size of each individual animal, to provide added comfort while sitting in the chair during a training or treatment session. A tray to catch excretion is placed in the bottom of the chair to ensure the utmost comfort for the animal.
selected for the nonhuman primates in this study were based on traditional human acupoints (Color Atlas of acupuncture, Thieme, NY) and were accessible while the animal was in the restraint chair. Most acupoints were located in the front arm, hand and leg including: (1) HeGu (LI4), which lies halfway between the middle of metacarpal bone I with the middle of metacarpal bone II, i.e., on the dorsum of the hand, between the 1st and 2nd metacarpal bones and on the midpoint of the radial of the 2nd metacarpal bone in the hand; and (2) Zu San Li (ST36), which lies on the anteriolateral side of the leg, one finger breadth (middle finger) from the anterior crest of the tibia in the leg (Fig. 2) .
Upon completing the initial training trials, EA treatment was administered to all animals. Based on experience accumulated from rodent studies (Liang et al., 2002 (Liang et al., , 2003 Jia et al., 2009 ), a bidirectional square wave electrical pulse (0.2 ms duration, 2 or 100 Hz) was administered for approximately 30 min per each EA treatment session. The amplitude level was raised until discomfort was observed in the animal and then lowered to a comfortable level. Discomfort was expressed by raising eyebrows or by a withdraw reflex. All animals received 3 EA treatment sessions per week.
Electromyography (EMG) procedures
Similar procedures used for EA were also employed for EMG measurements. Positive reinforcement was used to elicit a simple upper limb action of eating preferred food items after the animal was comfortable with sitting in the upright chair. This action involved the animal retrieving food from the serving table of the chair and placing it in its mouth. When the tested rhesus could repeatedly accomplish this standard arm movement, the bicep area was shaved and the skin surface was cleaned before inserting the electrodes (Fig. 5A) .
Ambu ® Neuroline single patient twisted pair subdermal (12 × 0.40 mm) electrodes were inserted into the monkey's biceps brachia muscle (Fig. 5A) . The electrical potential from contractions of the biceps brachia was measured as effort was exerted to move the food to the mouth of the monkey. EMG spectra from the MPTP side of the monkey were compared to the spectra from the unlesioned side of that same monkey. A Nihon Kohden EMG measuring system (model MEB-9400A) was used to collect the data and its accompanying Neuropack Manager (version 8.14) software was used to analyze the data. To determine if EMG could be used to monitor the effects of novel treatment strategies in animals with parkinsonism, an apomorphine challenge was conducted on the animals. All four hemiparkinsonian rhesus monkeys received a single dose of apomorphine (0.15 mg/kg, s.c.) after an EMG baseline was collected. The dose of apomorphine used in this study has been used in other published studies (Zhang et al., 2000a (Zhang et al., ,b, 2001 (Zhang et al., , 2006 Luan et al., 2008) .
Videotaping procedures
As per previously described procedures , all monkeys were videotaped before and after multiple, weekly EA treatments. The monkeys were transferred into a customizedvideotaping cage in the morning on the day of testing. All animals were videotaped for 60 min with water available. The videotapes were analyzed for distance moved (cm) and movement speed (cm/s) using the video-tracking software, EthoVision (Noldus Information Technologies, Asheville, NC).
EMG data analysis and statistics
When analyzing the EMG data, the following parameters were measured: duration (ms); amplitude (mv); and area (mv/ms). The duration is the time of one "burst" of electrical activity from skeletal muscle. A "burst" begins when the electrical potential leaves the baseline and ends when it returns to the same baseline. As the duration of the exercise increased, the muscle contractions became slower. The amplitude is the difference between the minimum and maximum peek in an EMG wave. The larger the amplitude, the more muscle activity is needed to accomplish the task. The area bounded by the wave formation and its baseline is also measured. The larger the area, the more energy is used for the measured movement.
The data was analyzed using Prism software, version 4. A paired two-tailed t-test was used to determine if there were significant differences in locomotor activity before and after EA in the MPTPlesioned animals. Also, an unpaired two-tailed t-test was used to determine if there were significant differences between the EMG data collected from the MPTP-lesioned versus unlesioned side in the same animal. P-values ≤ 0.05 were considered significant. The results are presented as the mean ± the standard error of the mean.
Results
General conditions
All four MPTP-treated animals had moderate but stable hemiparkinsonian symptoms including: bradykinesia (slowness of movement); stooped posture; mild postural instability; and rigidity of both upper and lower limbs on the contralateral side to MPTP administration. The average total parkinsonian score of these animals was 5.25 ± 0.44 points as measured using our previously published nonhuman primate parkinsonian rating scale (Ovadia et al., 1995; Miyoshi et al., 1997; Ding et al., 2008) .
Animal training
All eight rhesus monkeys used in the study readily adapted to our newly designed vertical chair. The animals were gradually introduced to the vertical chair in 20-30 min increments until they were able to comfortably sit in the restraint chair at the training center for approximately 90 min (Fig. 1B) . This process was successfully completed within 4-6 weeks in all eight animals. There were noticeable differences in task acquisition between the normal and MPTP-treated animals. Normal animals required 8.33 ± 1.20 training sessions (6-10 sessions), while the hemiparkinsonian rhesus monkeys required 14.75 ± 0.85 training sessions (13-17 sessions), on average (P-value = 0.006, unpaired two-tailed t-test). At this point, signs of discomfort including twisting of the body, open mouth threats and limb movements were virtually absent. In addition, all animals were interested in quickly retrieving food items that were placed on the tray table by members of the training team, allowing for reliable, repeated arm movements suitable for testing EMG recordings.
Acupuncture and EA
After the initial chair training, all eight animals received acupuncture or EA 3 times per week for 2 weeks. Very few signs of discomfort or anxiety, such as the raising of eyebrows, were observed. The animals would occasionally sleep for short periods of time during EA treatment. No abnormalities at the EA site were observed. No skin irritation or redness was noticed and the animals exhibited no signs of irritation such as abnormal, excessive scratching or grooming. All of the animal's body weights were maintained throughout the study and remained within baseline range: 7.93 ± 0.14 kg baseline weight versus 7.66 ± 0.22 kg posttraining/recording procedures. The animal's general response to daily stimuli also remained unchanged. There were no behavioral abnormalities noted by the veterinary, husbandry or research staff, such as automutilation or aggressive behavior. In normal animals, there was no change in locomotor activity when comparing total distance traveled and movement speed data collected before and after 3 months of EA treatment (left columns in Fig. 3A and B) . In parkinsonian monkeys, a significant greater than 3-fold increase in movement speed was measured after EA, although the total distance traveled remained virtually unchanged (right columns in Fig. 3A and B) . The movement speed measured in MPTP-treated animals post-EA was comparable to that seen in normal controls.
Electromyography (EMG)
No differences in EMG were seen in the four normal animals between the right and left upper limbs (Fig. 4A) . However, as shown in Fig. 4B , the EMG results for the four hemiparkinsonian monkeys with long-term moderate parkinsonian-like symptoms exhibited significant differences between the MPTP-lesioned (left) and unlesioned (right) upper limb in all three measured parameters of duration (ms), amplitude (mv), and area (mv/ms). When comparing the individual spectra, the unlesioned side shows that the motor unit recruitment was less than that seen in the MPTPlesioned side, and that the relax phase of the unlesioned side had very little motor unit discharge (Fig. 5B) . Specifically as shown in Fig. 4B , the MPTP-lesioned side required 179% more time to complete the simple motor task of retrieving food from the tray table (duration), required 34% more motor recruitment (amplitude), and the motor unit discharge was 172% higher than the unlesioned side (area). In addition, apomorphine significantly improved upper limb rigidity in all four hemiparkinsonian monkeys (Fig. 4C) . During the apomorphine trials, EMG data collected on the MPTP-lesioned side were comparable to that collected on the unlesioned side indicating improvement in motor unit recruitment and discharge allowing for the food retrieving task to be completed in less time ( Fig. 5B and  C) .
Discussion
The present study demonstrates that (1) both normal and hemiparkinsonian animals can be adapted in a relatively short period of time to a custom-designed vertical chair encouraging a comfortable sitting position suitable for EA and EMG acquisition; (2) acupuncture/EA and EMG can be safely conducted in the rhesus monkey under fully conscious, alert conditions; (3) EA and EMG procedures did not adversely alter the animal's locomotor function in either normal animals or animals with parkinsonian-like symptoms; instead, movement speed was significantly improved in MPTP-lesioned monkeys; (4) EMG can be used to objectively measure upper limb muscle rigidity in hemiparkinsonian animals and to detect functional improvements in rigidity on the MPTP-affected side of the body post-dopamine agonist administration.
In general, one of the most critical components of working with nonhuman primates is building a relationship of trust between the animals and the training team. This requires a lot of interaction with the animals, beginning at their home cage. Slow controlled move- Fig. 4 . EMG spectra analysis for normal and MPTP-lesioned rhesus macaques. No differences in EMG were seen in the four normal animals between the right and left upper limbs (panel A). For the MPTP-lesioned animals, the data indicates that movements on the MPTP-lesioned side (left) were significantly slower and required more muscle activity (panel B). Apomorphine (0.15 mg/kg) administration significantly improved upper limb rigidity on the MPTP-affected side of the body in all four hemiparkinsonian animals (panel C). *P ≤ 0.05; MPTP-lesioned (left side) versus unlesioned (right side). ments and interactions are important for the animal to acclimate to the trainer's voice and disposition. Throughout these early interactions, positive reinforcements should be given so that the trainer can gain the animal's trust and confidence. When introducing the animals to foreign equipment and surroundings, sufficient time is needed for the animals to become familiar to the new environment. Procedural steps necessary for the conduct of the study should be introduced one training session at a time and the sessions should be consistent in all respects. Here, we used similar training techniques that successfully adapted nonhuman primates into an MRI environment using a horizontally-designed restraint chair for functional and pharmacological MRI studies (Zhang et al., 2000a (Zhang et al., ,b, 2001 , 2006; Luan et al., 2008) . For the present study, two trainers were needed to affix materials, such as EMG electrodes and acupuncture needles, directly to the animal. One trainer occupied the animal with external stimuli while the other attached the equipment. We used the same training room for the entire study and each training session was limited to 30 min initially. The duration of the training session was gradually increased until the animal was able to relax in the chair for 90 min at a time.
Results from the present study support that electroacupuncture can be safely conducted in both normal nonhuman primates and animals with parkinsonian-like symptoms and also demonstrates its potential to be used as a therapeutic tool for PD. However, more studies are needed due to the challenge of accurately locating acupoints in rhesus monkeys. It has been difficult for the experienced acupuncturist to accurately locate a specific acupoint in a monkey without a proper acupoint atlas, which is currently not available. The acupoints used in our study were located based on the traditional human acupoint atlas and experience in human acupuncture techniques. Lab technicians were trained by an experienced acupuncturist; EA was conducted by a Chinese scientist with animal acupuncture experience. The methods used to locate the key acupoints chosen in this study were as follows: first, the acupoints were selected based on the accessibility of their anatomical locations while the animal was restrained in the vertical chair; and second, some of these acupoints had been used in rodent models of PD (Liang et al., 2002 (Liang et al., , 2003 Jia et al., 2009) .
It is important to point out that several precautions should be taken during training for EA. We observed that the sensitivity to electro-stimulation was variable among animals. The most important signs of overstimulation were facial expression, vocalization and whole body movement. At least one trainer should constantly monitor the animal's response to the acupuncture needle insertion and electro-stimulation application. In addition, to minimize any possible irritation, sterile acupuncture needles must be used, and the animal's skin surface must be cleaned before needle entry. While inserting the acupuncture needle, any major blood vessels must be avoided to prevent the possibility of a subcutaneous hematoma. In this study, each acupuncture needle was used only one time, and there was no detection of skin irritation or infection throughout the study.
Although, significant improvement in movement speed was measured in MPTP-treated animals post-EA treatment (Fig. 3B) , other factors may have contributed to this effect and need to be taken into consideration. The improvements in movement speed may have also resulted in part from frequent human interactions as well as from increased physical activity due to animal training and handling, and directly from the benefit of EA. Studies have demonstrated that physical activity can improve parkinsonian-like symptoms in rhesus monkeys (Cameron et al., 2009 ) and patients with PD can receive benefit from EA (Shulman et al., 2002; Eng et al., 2006) . Therefore, the future direction of acupuncture/EA studies should focus on using an unbiased behavioral testing battery to objectively evaluate the efficacy of acupuncture/EA, and use available technology such as EMG to study the underlying mechanisms of acupuncture/EA in rhesus monkeys.
A key symptom seen in post-MPTP treatment of rhesus monkeys is the development of rigidity on the affected side of the body Mera et al., 2009) . Rigidity is defined as increased resistance to the passive movement of a limb persisting throughout its range and is characterized by a continued and uniform increase in resistance to muscle elongation throughout the range of passive movement. Rigidity is one of the major symptoms associated with PD (Poewe, 2009; Boonstra et al., 2008) . Our data supports that EMG techniques can objectively measure upper limb muscle rigidity in rhesus macaques. The results from the present study showed that EMG activity differed significantly between the MPTP-lesioned and nonlesioned arm in all four hemiparkinsonian rhesus monkeys.
The EMG results from the present study are in line with recent EMG studies conducted in patients with PD. Endo and colleagues (2009) performed EMG measurements from bilateral bicep muscles on 27 PD patients and 24 health elderly subjects and found that EMG positively correlated with the UPDRS score on arm rigidity (Endo et al., 2009) . In another study, Xia and collaborators (2009) examined the correlation between rigidity and the interactions of stretch reflex and shortening reaction during a passive movement of the wrist. They found that the objective scores of rigidity strongly correlated with EMG estimated by calculating a ratio of normalized EMG in stretched to shortened muscle for wrist flexion and extension (Xia et al., 2009) . Taken together, the results from both nonhuman primate and human studies support the idea that EMG could be useful to monitor PD patients.
Apomorphine, a non-selective dopamine D1/D2 receptor agonist, has been shown to stimulate supersensitive postsynaptic dopamine receptors in the denervated striatum and has been used in the clinic for treating PD (Schwarting and Huston, 1996; Stacy, 2004) . In rhesus monkeys, previous studies have demonstrated the marked effects of apomorphine on the central nervous system through BOLD (blood oxygen level-dependent) imaging levels and relative cerebral blood volume in parkinsonian animals receiving apomorphine administrations (Nguyen et al., 2000; Zhang et al., 2000a Zhang et al., ,b, 2001 Zhang et al., , 2006 . Consequently, in this study we used apomorphine to determine if EMG could be used to monitor changes in upper limb motor function in hemiparkinsonian rhesus monkeys. Our results showed that EMG detected an improvement in rigidity post-apomorphine administration. Thus, it is predicted that EMG measurements could also be used for monitoring the therapeutic effects of acupuncture as seen in this nonhuman primate study with the antiparkinsonian drug, apomorphine. We are engaged in further studies to refine our system for detecting acupuncture/EA induced functional changes in rhesus monkeys. Such research will help in further elucidating new insight to a mechanistic description of acupuncture and rigidity, and have implications for evaluating the general therapeutic effects of acupuncture/EA.
